Introduction
============

Dendrimers are involved in numerous pharmaceutical and biomedical research applications and act as ubiquitous carriers for targeted drugs, nucleic acids, and diagnostic agents. Growing research interest over the last 2 decades has resulted in a number of publications concerning dendrimers. In particular, the amine-terminated cationic polyamidoamine (PAMAM) dendrimers of various generations and their bioconjugates have been intensively studied because of their wide range of possible applications as carriers of antibodies and contrast molecules,[@b1-ijn-10-5647],[@b2-ijn-10-5647] in protection against nonenzymatic modifications of biomacromolecules that cause various metabolic disorders,[@b3-ijn-10-5647] in therapies for cancer,[@b4-ijn-10-5647]--[@b8-ijn-10-5647] and genetic and immune diseases.[@b9-ijn-10-5647],[@b10-ijn-10-5647] The unique molecular architecture of dendrimers allows for the precise control of their size, shape, charge and targeting of ligands, and therapeutic compounds attached to surface groups, which determine their function and application.[@b11-ijn-10-5647],[@b12-ijn-10-5647] The design and synthesis of highly effective carrier systems depend on understanding the mechanisms of delivery and internalization of modified dendrimers inside the targeted cells. Because of the possible localization of dendrimer bioconjugates in intracellular domains (cytosol, endosomes, lysosomes, endoplasmic reticulum, Golgi apparatus, mitochondria, and nucleus) as well as the direct interaction with cellular membranes and specificity of various cells and tissues (normal and pathological), interdisciplinary studies are required to achieve the desired effects.[@b13-ijn-10-5647] To assess the safety of dendrimers, the possible toxic and immunogenic effects on cells and organisms in vivo and in vitro must be considered.[@b14-ijn-10-5647]--[@b17-ijn-10-5647] An important property of cationic dendrimers is the binding and aggregation of DNA; thus, these dendrimers are excellent tools for gene delivery, but they also have the genotoxic potential under different conditions.[@b18-ijn-10-5647],[@b19-ijn-10-5647] Therefore, it is essential to understand the movement of delivered carriers within the cells, particularly nuclear penetration.

The interactions of PAMAM dendrimers with cell membranes and their internalization have been extensively investigated in vitro in various cell lines using specific markers; indirectly through flow cytometry and directly through scanning electron microscopy,[@b20-ijn-10-5647],[@b21-ijn-10-5647] atomic force microscopy, and fluorescence microscopy.[@b22-ijn-10-5647] The application of fluorescence imaging in living cells by confocal laser scanning microscopy and recently by two-photon imaging microscopy can monitor the dynamic aspects of cellular trafficking and colocalization of dendrimers with high spatial and temporal resolution.[@b23-ijn-10-5647]--[@b25-ijn-10-5647] The cellular internalization and trafficking of dendrimers depend on their size, shape, charge, and surface functionality as well as the cell type.[@b26-ijn-10-5647],[@b27-ijn-10-5647] Many studies have revealed that cationic PAMAM dendrimers can cross cell membranes by various endocytic pathways, including clathrin-dependent pathways in Caco-2 cells,[@b28-ijn-10-5647],[@b29-ijn-10-5647] clathrin-dependent and macropinocytosis pathways in HeLa cells,[@b30-ijn-10-5647] and non-clathrin, non-caveolae, cholesterol-dependent pathways in A549 lung epithelial cells and B16F10 melanoma cells.[@b31-ijn-10-5647],[@b32-ijn-10-5647] The conjugation of small bioactive molecules to PAMAM cationic dendrimers increases their transport and decreases toxicity, and it has been demonstrated in vitro and in vivo by numerous investigators as reviewed by Sadekar and Ghandehari.[@b33-ijn-10-5647] A potential carrier system is created through PAMAM dendrimers modified with vitamins and their precursors, which are exogenous molecules that can penetrate cells by various transport mechanisms and participate in a variety of cellular functions. Water-soluble group B vitamins are indispensable for a number of vital metabolic pathways in mammals. One member of this group, biotin, is required for anabolic carboxylation and carboxylic group transfer.[@b34-ijn-10-5647],[@b35-ijn-10-5647] Several authors have shown that rapidly dividing cells, such as found in malignant tumors, develop significantly increased biotin uptake through the increased expression of cell surface receptors and activation of endocytosis.[@b36-ijn-10-5647] Biotin conjugates are therefore considered to be biocompatible carriers for delivering anticancer drugs, and they can be transferred through the blood--brain barrier.[@b37-ijn-10-5647]--[@b39-ijn-10-5647] Pyridoxal (PL) and its 5′ phosphorylated derivative are active forms of vitamin B6 that play a critical role in cellular metabolism and stress response.[@b40-ijn-10-5647],[@b41-ijn-10-5647] Recent studies have highlighted the importance of the protective role of vitamin B6 in carcinogenesis, especially colon carcinogenesis, by reducing cell proliferation, oxidative stress, NO production, and angiogenesis.[@b42-ijn-10-5647],[@b43-ijn-10-5647] Our previous study revealed that after internalization, biotin--PL-conjugated PAMAM G3 dendrimers had lower cytotoxicity than the nonconjugated forms of the dendrimer in both normal human fibroblasts (BJ) and squamous epithelial carcinoma (SCC-15) cancer cells.[@b44-ijn-10-5647] Although the various dendrimer transcellular transport mechanisms were the subjects of a wide range of investigation, including quantitative studies,[@b45-ijn-10-5647] less is known of the nuclear or mitochondrial localization of native PAMAM dendrimers and their bioconjugates, particularly when located inside normal cells as opposed to cancer cells. Published reports on the intracellular distribution of dendrimers, that are not designed for nuclear gene delivery or as mitochondria-targeted carriers, vary depending on the dendrimer surface modification, concentration, cell line, and time of observation. Such variations are particularly important when considering potential genomic DNA damage[@b18-ijn-10-5647] and the deleterious effects of dendrimers on mitochondrial function in normal and cancer cells.[@b46-ijn-10-5647] The main objective of this study was to investigate the nuclear and mitochondrial penetration of tertiary bioconjugate biotin--PL--PAMAM G3 (BC-PAMAM) in relation to that of native PAMAM G3 dendrimers in human fibroblasts (BJ) and epithelial cancer (SCC-15) cell lines at nontoxic and toxic concentrations. Dendrimer accumulation and localization in the nuclei and mitochondria were investigated by laser scanning confocal microscopy imaging. The effect on cell viability and proliferation was also investigated and discussed.

Materials and methods
=====================

Materials
---------

BJ (ATCC-CRL 2522) and SCC-15 (ATCC-CRL-1623) cell lines and Dulbecco's Modified Eagle's Medium (DMEM-F12), Eagle's minimum essential medium (EMEM), fetal bovine serum (FBS), penicillin, streptomycin, trypsin/ethylenediaminetetraacetic acid solution, and phosphate-buffered saline (PBS; with and without magnesium and calcium ions) were obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). Hydrocortisone, Trypan blue, and fluorescein isothiocyanate (FITC) were provided by Sigma-Aldrich Co. (St Louis, MO, USA). The fluorescent markers 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI), MitoTracker^®^ Deep Red FM and Rhodamine Red™-X (succinimidyl ester, 5-isomer), ATP Determination Kit, and CyQUANT^®^ NF Cell Proliferation Assay Kit were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cell culture sterile plastics were purchased from Corning Incorporated (Corning, NY, USA), Sigma-Aldrich Co., and Brand GMBH + CO KG (Wertheim, Germany).

Synthesis of biotin and PL-conjugated and fluorescent-labeled dendrimers
------------------------------------------------------------------------

The bioconjugate of the PAMAM G3 dendrimer with nine biotin (linked via amide bond) and ten PL (linked via aldimine bond) G3^9B10P^ was obtained as previously described.[@b44-ijn-10-5647] The PAMAM G3 (PAMAM) and G3^9B10P^ (BC-PAMAM) were fluorescently labeled with FITC as described by Filipowicz and Wołowiec,[@b47-ijn-10-5647] whereas G3 was labeled with Rhodamine Red ([Figure 1](#f1-ijn-10-5647){ref-type="fig"}) as follows: 5 mg (6.5 µmol) Rhodamine Red™-X (succinimidyl ester, 5-isomer, molecular weight 768.9 Da) was added to 45 mg PAMAM G3 dissolved in methanol and stirred for 2 hours in darkness until all of the *N*-hydroxysuccinimidyl (NHS)-rhodamine dissolved. The methanol was vacuum evaporated, and the residue was dissolved in water and dialyzed against water for 48 hours (membrane cutoff 2,000 Da) in darkness. Next, the solvents were removed under vacuum to obtain G3^R^ ([Figure 1](#f1-ijn-10-5647){ref-type="fig"}), where R = rhodamine linked via amide bond. The G3^9B^ bioconjugate and ternary bioconjugate G3^9B10P^ (BC-PAMAM) were identified by proton nuclear magnetic resonance (^1^H NMR) spectroscopy as previously described.[@b44-ijn-10-5647] PAMAM G3 is \>32--36 Å in diameter depending on the calculation approach and experimental method.[@b48-ijn-10-5647]

Cell cultures
-------------

Two human cell lines were investigated, such as normal fibroblasts BJ (ATCC CRL-2522) and squamous cell carcinoma SCC-15 (ATCC CRL-1623), both growing in layers. BJ cells (population doubling 1.9 days) were cultured in EMEM supplemented with nonessential amino acids, 10% heat-inactivated FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin. SCC-15 cells (population doubling 5 days) were grown in DMEM containing 15 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 400 ng/mL hydrocortisone. The cells were grown at 37°C in an atmosphere of 5% CO~2~ and 95% humidity, and the medium was changed every 2--3 days and passaged at 70%--85% confluence using 0.25% trypsin--0.03% ethylenediaminetetraacetic acid in PBS (calcium and magnesium free). The cell morphology was verified under a Nikon TE2000S Inverted Microscope (Tokyo, Japan) with phase contrast, and the cell numbers and viability were estimated by a Trypan blue exclusion test using an Automatic Cell Counter TC10™ (Bio-Rad Laboratories Inc., Hercules, CA, USA) or hemocytometer. All experiments were performed in triplicate. No Ethics Committee permission was required for the use of human cell lines because only certificated cell lines provided by ATCC were used.

Cytotoxicity assay
------------------

The CyQUANT NF Cell Proliferation Assay Kit (Molecular Probes^®^) is a sensitive assay for the quantitation of cell number using a microplate reader with excitation at 485 nm and emission detection at 530 nm. The dye is cell permeable, develops an intense fluorescence signal after binding to cellular DNA, and has linearity over a broad range of cell densities (50--5×10^4^ cells/well).[@b49-ijn-10-5647] BJ and SCC-15 cells were seeded (1×10^4^ cells/well) into 96-well plates and preincubated (24 hours, 37°C, 5% CO~2~, 95% humidity). Subsequently, 1 mM dendrimer stock solution in water was filter sterilized and then added. Working solutions were prepared in culture media and delivered at 200 µL/well in concentrations ranging from 0.05 µM to 50 µM. After 24 hours, the media were exchanged for new media without dendrimers (200 µL/well), and the microplates with BJ and SCC-15 cells were returned to the incubator for 2 days and 5 days, respectively. After removing the medium, CyQUANT NF/HBSS working solution was added (100 µL/well) according to the manufacturer's protocol. After the mixture was incubated for 30 minutes at 37°C in the dark the fluorescence was measured using a microplate reader (FilterMax F5 Multi-Mode Microplate Reader; Molecular Devices LLC, Sunnyvale, CA, USA) at 485 nm/530 nm wavelength. The fluorescence signal corresponds to the number of adherent, viable cells. The results are expressed as the % of the control, nontreated cell samples.

Cellular accumulation of PAMAM and BC-PAMAM
-------------------------------------------

The evaluation of the cellular dendrimer accumulation was performed as previously described.[@b50-ijn-10-5647] The cells were seeded into 96-well microtiter plates at a density of 2×10^4^ cells/well and preincubated (37°C, 5% CO~2~, 95% humidity) for 24 hours, and then various concentrations (0.05--50 µM) of the FITC-conjugated native PAMAM or BC-PAMAM were added. After an additional 24 hours incubation, the medium was removed and plates were extensively washed with PBS using an automatic cell washer (ELx50; BioTek Instruments, Inc., Winooski, VT, USA) to ensure the complete removal of unbound dendrimers. Fluorescence was read at 485 nm/530 nm (excitation/emission \[exc/em\]) using a FilterMax F5 Multi-Mode Microplate Reader (Molecular Devices LLC). The median of the triplicate sample measurements was calculated after the background values (samples incubated with fluorescent-labeled PAMAM or BC-PAMAM, containing no cells) were subtracted. The fluorescence intensity was calibrated using FITC-labeled dendrimers diluted in water.

PAMAM and BC-PAMAM colocalization analysis
------------------------------------------

BJ and SCC-15 cells (5×10^4^/well) were seeded on 0.1% gelatin-coated glass coverslips and placed in 6-well cell culture plates. After 24 hours incubation (37°C, 5% CO~2~, 95% humidity), the culture medium was removed and cells were treated for 24 hours with Rhodamine Red™-X-labeled PAMAM G3 (RR-PAMAM) and FITC-labeled BC-PAMAM G3 (FITC-BC-PAMAM) dendrimers at concentrations ranging from 1 µM to 50 µM, extensively washed with PBS, and fixed with 3.7% formaldehyde (2 mL/well) for 10 minutes at room temperature (RT). The dried coverslips were embedded in polyvinyl alcohol mounting medium (Fluka) and covered with a glass slide. After 3 hours, images were collected with a Carl Zeiss Axio Observer Z1 LSM 710 confocal microscope (Carl Zeiss Jena GmbH, Germany) with a 63×/1.4 plan-apochromat oil immersion lens with its pinhole set to 1.0 airy units (AU) in both the red (RhodamineRed™-X) and green (FITC) channels. Lasers with 488 nm and 555 nm excitation wavelengths were used for FITC and rhodamine, respectively. Green and red fluorescence were separated by a dichroic filter.

The colocalization of signals from two channels was evaluated using ImageJ software (US National Institute of Health, Bethesda, MD, USA) and the JACoP plugin.[@b51-ijn-10-5647] This plugin provides Pearson and Mander coefficient values. Both coefficients determine the degree of overlap between pixels from two different channels expressed in a range from 0 to 1, where 0 means no overlap (no correlation) and 1 represents total overlap (full correlation). The M1 coefficient estimates the degree of green signal overlapping red, and the M2 coefficient estimates the degree of red signal overlapping green.[@b52-ijn-10-5647]

PAMAM and BC-PAMAM penetration into nuclei
------------------------------------------

Cells were plated into a 96-well black-wall, thin-bottom clear plate at 1×10^4^ cells/well in 200 µL culture medium in three replicates and treated with FITC-labeled dendrimers (PAMAM or BC-PAMAM) at the conditions described earlier. Following extensive washing with PBS, the cells were fixed in 3.7% formaldehyde (200 µL/well, 10 minutes, RT), and permeabilized with 0.1% Triton X-100 in PBS (200 µL/well, 30 minutes, RT). Nuclear visualization of the permeabilized cells was performed by DAPI staining of DNA with 300 nM of DAPI/PBS (200 µL/well, 30 minutes, RT with mixing).

Cell imaging was performed using a laser scanning Carl Zeiss Axio Observer Z1 LSM 710 confocal microscope with pinhole set to 1.0 AU in each channel. To visualize the dendrimers, the fluorescence emission was measured using 488 nm/530 nm exc/em for FITC and 405 nm/461 nm exc/em for DAPI to visualize the nuclei.

Images were collected in the *z*-axis position to estimate the area with the largest nuclear cross section. Confocal images were processed using ImageJ software. The green (dendrimers) and blue (nuclei) channels were thresholded and binarized, and the nuclear areas were marked using the wand tool. The nuclear penetration by dendrimers was expressed as follows: to compare the nuclear permeability of normal and cancer cells, the ratio of the fluorescence signal of the nuclear area occupied by dendrimers to the total nuclear area was calculated and expressed as percentage.

PAMAM or BC-PAMAM colocalization in mitochondria
------------------------------------------------

The fibroblasts and carcinoma cells were plated into a 96-well black-wall, thin-bottom clear plate at 1.5×10^4^ cells/well in 200 µL culture medium in three replicates and then preincubated for 24 hours, and subsequently, FITC-labeled dendrimers (PAMAM and BC-PAMAM) at concentrations from 1 µM to 50 µM and 24 hours incubation (37°C) were added. Following triple washing with PBS, 100 nM MitoTracker Deep Red FM working solution was added (100 µL/well), according to the manufacturer's protocols, and the cells were incubated for 30 minutes in 37°C, 5% CO~2~, and 95% humidity. After extensive washing with PBS on a shaking platform, the cells were fixed with formaldehyde as described earlier and nuclei were stained with 300 nM DAPI/PBS (200 µL/well, 30 minutes, RT, with mixing).

Images were obtained with a 40× oil immersion lens and pinhole set to 1.0 AU. Lasers with 405 nm, 488 nm, and 644 nm excitation wavelengths were used for DAPI, FITC-labeled dendrimers and MitoTracker, respectively, and fluorescence signals were read at 461 nm, 530 nm, and 665 nm, respectively. An analysis of the images with the JACoP plugin to determine the Mander's coefficient was performed as described earlier.

Statistical analysis
--------------------

A statistical analysis was performed using the Kruskal--Wallis test to estimate the differences between the dendrimer-treated and -nontreated control samples and paired Mann--Whitney *U*-test to evaluate the differences between cells treated with PAMAM and BC-PAMAM. *P*\<0.05 was considered statistically significant.[@b53-ijn-10-5647]

Results and discussion
======================

Cytotoxicity of PAMAM and BC-PAMAM dendrimers
---------------------------------------------

A CyQUANT NF Cell Proliferation Assay was conducted to compare the cytotoxicity of PAMAM and BC-PAMAM in both cell lines ([Figure 2](#f2-ijn-10-5647){ref-type="fig"}).

In BJ cells, PAMAM exhibited significant cytotoxicity at 5 µM and higher concentrations, decreasing the viable cell population to \~10% of the control number at 50 µM. BC-PAMAM produced no significant cytotoxic effects at concentrations up to 50 µM, at which only 20% of the cells remained viable. According to Fischer et al,[@b54-ijn-10-5647] 15 µM PAMAM G3 resulted in \>80% viability of L929 mouse fibroblasts after 24 hours. In our experiments, BC-PAMAM was significantly less toxic than the native dendrimer at concentrations \>2.5 µM (except at 50 µM). Yellepeddi et al[@b39-ijn-10-5647] reported that biotinylated PAMAM dendrimers G3 decreased the viability of human embryonic kidney HEK293T cells by 50% at 30 µM, which was similar to that of the native dendrimers.

A different response to PAMAM was observed in the SCC-15 cells in these experiments, which is consistent with our previous studies.[@b44-ijn-10-5647] Cancer cells exhibited much higher tolerance to both PAMAM and BC-PAMAM at concentrations from 2.5 µM to 10 µM. At 50 µM, BC-PAMAM decreased the viable cell population to \~50% (nonsignificant), whereas PAMAM yielded high toxicity, decreasing cell viability to 20% compared with that of the control ([Figure 2](#f2-ijn-10-5647){ref-type="fig"}).

Similar results were obtained by other researchers, who reported that PAMAM was nontoxic to cancer cells in the concentration range of 70--100 µM in Caco-2, A549,[@b55-ijn-10-5647] MCF-7, and MDA-MB-231[@b56-ijn-10-5647] cell lines. In contrast, B16f10 melanoma cells are sensitive to cationic G3 and G4 PAMAM, showing a high toxicity after 72 hours treatments at concentrations \>2 µM.[@b32-ijn-10-5647] The cytotoxicity experiments were confirmed by the confocal microscopy images of BJ and SCC-15 cell cultures maintained under the same conditions as described in [Figure 2](#f2-ijn-10-5647){ref-type="fig"}. After 24 hours treatment with PAMAM or BC-PAMAM dendrimers, decreased cell populations were clearly visible at concentrations that were estimated to be cytotoxic for both cell lines ([Figure 3](#f3-ijn-10-5647){ref-type="fig"}).

The signs of bioconjugate cytotoxicity were absent at the same concentrations of native PAMAM, which has been reported by others.[@b30-ijn-10-5647],[@b57-ijn-10-5647] The effective positive charge of PAMAM G3 at (physiological) pH 7.7 is +20.[@b58-ijn-10-5647] Thus, the ratio of effective charge to the number of primary amine groups in G3 (equal to 32) results in a coefficient of 0.625. If this value is considered a constant, then the effective positive charge of the G3^9B10P^ PAMAM bioconjugate (where an average of 13 amine groups remained unsubstituted) equals 13×0.625=+8 at physiological conditions. The bioconjugate therefore remains cationic, although the charge is reduced from +20 to +8 in relation to the native PAMAM G3.

Cellular accumulation of FITC-labeled PAMAM and BC-PAMAM
--------------------------------------------------------

The total fluorescence of internalized FITC-labeled PAMAM G3 and BC-PAMAM dendrimers was plotted against the dendrimer concentrations after treatment for 24 hours in both cell lines ([Figure 4](#f4-ijn-10-5647){ref-type="fig"}). The 24 hours dendrimer treatment was selected based on observations by other groups. Pai et al[@b59-ijn-10-5647] showed that the time course of FITC PAMAM G4 uptake into HaCaT cells reached saturation at 5 hours incubation, and Albertazzi et al[@b30-ijn-10-5647] reported the stabilization of PAMAM G4-Alexa647 dendrimer localization in HeLa cells after 12 hours treatment.

Based on the viability of both cell populations as assessed by CyQUANT NF dye ([Figure 2](#f2-ijn-10-5647){ref-type="fig"}), the concentration-dependent FITC-PAMAM accumulation was observed at nontoxic 0.05--2.5 µM concentration range in BJ fibroblast cells, whereas at cytotoxic 5--50 µM concentrations, dendrimer loading remained at increased, similar level. The fluorescence of FITC-PAMAM in cancer cells increased up to 2.5 µM concentration and remained at constant level up to 10 µM, with a sharp increase at toxic 50 µM concentration ([Figure 4](#f4-ijn-10-5647){ref-type="fig"}). The intracellular loading of FITC-PAMAM dendrimers is comparable at low concentrations up to 2.5 µM in both cell lines, whereas the native dendrimer fluorescence signal was higher at 5 µM and 10 µM in BJ cells ([Figure 4](#f4-ijn-10-5647){ref-type="fig"}).

The bioconjugated dendrimer FITC-BC-PAMAM accumulated at a significantly lower amount compared to that of the native FITC-PAMAM at all concentrations in both SCC-15 cells and fibroblasts. These results confirmed that the internalization of cationic PAMAM dendrimers depends on the surface charge, as it was documented by the others.[@b30-ijn-10-5647],[@b31-ijn-10-5647] Our results, however, differ from those obtained by Yellepeddi et al who reported that the biotinylated PAMAM dendrimers of different generations were internalized at a significantly higher extent in human ovarian cancer cells (OVCAR-3) compared to that of human embryonic kidney cells (HEK 293T).[@b27-ijn-10-5647] The internalization of the FITC-PAMAM G3 dendrimer involves energy and may involve caveole-dependent and clathrin-dependent endocytosis pathways.[@b28-ijn-10-5647],[@b29-ijn-10-5647],[@b60-ijn-10-5647] However, a cholesterol-dependent pathway was also observed in B16f10 melanoma cells.[@b32-ijn-10-5647] Yellepeddi et al showed that biotin-conjugated PAMAM dendrimers of the G1--G4 generations enter OVCAR-3 cells by both absorptive endocytosis and biotin/SMVT receptor-mediated endocytosis.[@b39-ijn-10-5647] Observed at cytotoxic concentrations, increased dendrimer loading in both cell lines may be due to cell membrane damage and simple diffusion process.

Notably, PAMAM accumulation in SCC-15 cells at nontoxic 2.5--10 µM concentrations was kept at similar level. This may be explained by increased dendrimer exocytosis mechanisms. This, however, requires further studies, as so far only a few studies on this phenomenon are available in B16f10 cells[@b32-ijn-10-5647] and in Capan-1 pancreatic cancer cells.[@b45-ijn-10-5647] Various degrees of internalization of early generations (up to G4) of cationic PAMAM dendrimers were reported by investigators for different cell types, including HeLa, HepG2, PC-12 cancer cells, MRC5 fetal lung fibroblasts and primary astrocytes,[@b30-ijn-10-5647] B16f10 melanoma,[@b32-ijn-10-5647] Caco-2,[@b28-ijn-10-5647] and HT-29 adenocarcinoma cell lines.[@b60-ijn-10-5647] The analysis of these results clearly indicates that the various effectiveness of cationic PAMAM internalization observed here may depend on specific differences in cellular membrane composition and mechanisms of endocytosis as well as on cell type, normal versus cancer.

PAMAM and BC-PAMAM colocalization
---------------------------------

The degree of colocalization of RR-PAMAM and FITCBC-PAMAM in BJ and SCC-15 cells is shown in [Figure 5](#f5-ijn-10-5647){ref-type="fig"}.

A high degree of dendrimer colocalization was observed in both cell lines at all applied concentrations as demonstrated by Pearson coefficient values between 0.53 and 0.87 ([Table 1](#t1-ijn-10-5647){ref-type="table"}). However, the higher value of the M1 Mander coefficients compared with the M2 coefficients indicate that nonconjugated RR-PAMAM more efficiently penetrates both cell lines ([Table 1](#t1-ijn-10-5647){ref-type="table"}). This indicates that in areas where RR-G3 PAMAM was observed, FITC-G3 BC-PAMAM was also recorded.

In BJ cells, RR-PAMAM accumulated in the cytoplasm and nuclei at concentrations \>10 µM. FITC-BC-PAMAM was distributed mainly in the cytoplasm at concentrations between 10 µM and 50 µM, and it was also present in the nuclei but in lower degree than that of RR-PAMAM. In cancer cells, a similar pattern of dendrimer localization was observed; however, FITC-BC-PAMAM penetrated nuclei only at the 50 µM concentration.

More effective penetration of the cells by PAMAM may occur because of its higher effective positive charge compared to that of BC-PAMAM, or as result of different mechanisms of endocytosis of native and bioconjugated dendrimers. Clathrin-mediated endocytosis and macropinocytosis are involved in G2, G4, and G6 dendrimer internalization in HeLa cells.[@b28-ijn-10-5647] Moreover, the amine-modified cationic dendrimers were shown to utilize multiple routes of entry into Caco-2 and B16f10 melanoma cells,[@b28-ijn-10-5647],[@b32-ijn-10-5647] and a cholesterol-dependent route was also recognized in B16f10 cells.[@b31-ijn-10-5647] After internalization, clathrin-coated vesicles may be transferred to lysosomes for degradation,[@b61-ijn-10-5647] whereas the fate of the dendrimers internalized by macropinocytosis depends on the cell type.[@b62-ijn-10-5647] It was also established that positively charged nanoparticles can escape from endosomes after internalization, and they exhibit perinuclear localization because of the "proton sponge" effect.[@b63-ijn-10-5647]

Dendrimer penetration into nuclei
---------------------------------

To estimate the nuclear penetration by dendrimers, the fluorescence signal of the nuclei was recorded in both cell lines treated with either FITC-PAMAM or FITC-BC-PAMAM dendrimers at increasing concentrations ranging from 1 µM to 50 µM for 24 hours at 37°C. Nuclear visualization was performed by staining the DNA with DAPI. [Figures 6](#f6-ijn-10-5647){ref-type="fig"} and [7](#f7-ijn-10-5647){ref-type="fig"} show the BJ and SCC-15 cell images, respectively.

Increasing intense fluorescence signals were observed in the cytoplasmic compartments as well as in the nuclei of fibroblasts treated for 24 hours with FITC-PAMAM at 1--50 µM, whereas much lower signals were observed for the FITC-BC-PAMAM bioconjugate internalization. At toxic FITC-PAMAM concentrations of 5--50 µM, the destruction of cells and condensed nuclei was seen ([Figure 6D](#f6-ijn-10-5647){ref-type="fig"}).

In cancer cells, the penetration of nuclei by either FITC-BC-PAMAM or FITC-PAMAM was observed at 10 µM and 50 µM, despite dense perinuclear accumulation of FITC-labeled dendrimers at lower concentrations. At 50 µM of the native dendrimer, swollen and sparsely condensed nuclei are visible.

The results of the earlier experiments are summarized in [Figure 8](#f8-ijn-10-5647){ref-type="fig"}, which illustrates the dendrimer nuclear content in both cell lines.

Fibroblasts accumulated FITC-PAMAM dendrimers in the nuclei at a constant level (\~15% of the nuclear area) at 1--5 µM, but at toxic dendrimer concentrations (10--50 µM) the nuclear content dramatically increased ([Figure 8](#f8-ijn-10-5647){ref-type="fig"}). This indicates the possible interruption of controlled transport mechanisms when the FITC-G3 dendrimers enter the nuclei at toxic concentrations. Bioconjugate dendrimers accumulated in the nuclei at significantly lower levels at all concentrations, and the accumulation was dependent on the total BC-PAMAM accumulation in the cells ([Figure 4](#f4-ijn-10-5647){ref-type="fig"}). Considering the similar levels of total cellular FITC-BC-PAMAM accumulation ([Figure 8](#f8-ijn-10-5647){ref-type="fig"}), the controlled transport of bioconjugated dendrimers into the nucleus might only proceed at nontoxic cellular dendrimer concentrations. At higher toxic concentrations, the direct interaction of cationic dendrimers with elements of the nuclear envelope may cause lipid membrane perforation as previously described[@b22-ijn-10-5647],[@b64-ijn-10-5647],[@b65-ijn-10-5647] and concentration-dependent dendrimer entry into nucleus by simple diffusion.

The different patterns of dendrimer accumulation in cancer cell nuclei are seen. Approximately 25%--30% of the nuclei are occupied at all tested concentrations ([Figure 8](#f8-ijn-10-5647){ref-type="fig"}), in a manner independent of their total cellular content ([Figure 4](#f4-ijn-10-5647){ref-type="fig"}). BC-PAMAM accumulated at significantly lower levels depending on the cellular bioconjugate concentration ([Figures 4](#f4-ijn-10-5647){ref-type="fig"} and [8](#f8-ijn-10-5647){ref-type="fig"}). These results clearly indicate different mechanisms of nuclear penetration in normal and cancer cells, with the normal cells maintaining a controlled nuclear penetration at noncytotoxic concentrations of both native and bioconjugated dendrimers and cancer cells demonstrating a lack of such limitations. The observed nuclear penetration by FITC-PAMAM dendrimers in cancer cells is inconsistent with observations in other studies. Albertazzi et al reported that G4 Alexa647 dendrimer conjugates accumulated only in the perinuclear region within HeLa cells at treatments up to 48 hours.[@b30-ijn-10-5647] No nuclear localization was observed by these authors after treatment for 3 hours in HepG2 and MRC5 cancer cells or in normal PC-12 and primary astrocyte cultures. No entry of FITC-G4 PAMAM into human keratinocyte HaCaT cell nuclei was observed after 24 hours and 48 hours treatments by Pai et al,[@b59-ijn-10-5647] or after 24 hours in primary neuronal cultures.[@b25-ijn-10-5647] The localization of later generation G6 PAMAM dendrimers conjugated with estrogen was observed in the membrane and cytoplasm, but not in the nuclei of estrogen receptor-positive MCF-7 human breast cancer cells.[@b66-ijn-10-5647] At the nondividing phase, the nuclear envelope acts as a molecular permeability barrier, enabling the free diffusion of small hydrophilic molecules (up to 9 nm size) through the nuclear pore complex. Larger molecules (up to 40 kDa) undergo active transport processes involving the interaction of multiple cellular components, including oligopeptide sequences containing lysine and arginine, which is known as a nuclear localization signal.[@b67-ijn-10-5647] The theoretical size of the PAMAM G3 dendrimer is \~ nm. However, dendrimers and their conjugates can aggregate, which was found for PAMAM G4 dendrimers.[@b21-ijn-10-5647],[@b68-ijn-10-5647] Presumably, the increased size and decreased cationic charge of bioconjugates determine their entry into the nuclei of normal cells. However, in cancer cells, changes in nuclear morphology and laminin expression were often observed, and these changes caused damage to and the collapse of the nuclear envelope function.[@b69-ijn-10-5647] This may explain the extensive penetration observed in the SCC-15 cell nuclei by both types of investigated dendrimers.

PAMAM and BC-PAMAM localization within mitochondria
---------------------------------------------------

Colocalization of MitoTracker-labeled mitochondria and FITC-labeled native and bioconjugated dendrimers is shown in [Figure 9A and B](#f9-ijn-10-5647){ref-type="fig"}.

Data expressed as M2 coefficients (mitochondrial signal overlapping FITC-PAMAM or FITC-BC-PAMAM signals) are shown in [Figure 10](#f10-ijn-10-5647){ref-type="fig"}. The colocalization of cationic PAMAM dendrimers with mitochondrial markers has been observed by other researchers.[@b21-ijn-10-5647],[@b59-ijn-10-5647] Investigations of the interaction between cationic dendrimers and artificial and cellular lipid bilayers revealed electrochemical as well as hydrophobic interactions that promote membrane disruption and impair transport mechanisms.[@b70-ijn-10-5647],[@b71-ijn-10-5647] The formation of pores in the outer mitochondrial membrane promotes apoptotic cell death.[@b72-ijn-10-5647]

In our experiments, the localization of native and bioconjugate dendrimers in the mitochondria correlated well with their cytotoxicity. In fibroblasts, the Mander's coefficient of PAMAM colocalization in mitochondria increased from 0.6 to almost 1.0 at higher dendrimer concentrations, which is consistent with their cytotoxic effect ([Figures 2](#f2-ijn-10-5647){ref-type="fig"} and [10](#f10-ijn-10-5647){ref-type="fig"}). In cancer cells, an M2 coefficient \>0.5 was only observed at the toxic 50 µM concentration. In both cell lines, a lower BC-PAMAM dendrimer signal colocalized with the mitochondria and was correlated with the much lower cytotoxicity threshold. This result is consistent with our previous results concerning mitochondrial metabolism, which were estimated with the tetraziolium salt assay test (XTT), and the proapoptotic effects of both native and bioconjugated dendrimers assayed under identical conditions.[@b44-ijn-10-5647] Lee et al documented that in human lung cells (WI-26 VA4) exposed to G4 PAMAM, dendrimers colocalized with mitochondria, disrupted the mitochondrial membrane potential and released cytochrome c, promoting apoptosis. Moreover, the downregulation of mitochondrial DNA-encoded genes involved in the maintenance of mitochondrial membrane potential was observed.[@b46-ijn-10-5647]

Conclusion
==========

Our results provide evidence that the intracellular localization of native and bioconjugated dendrimers of early generations depends on their physical--chemical characteristics (size, surface, and substituted functional groups) as well as on the type of targeted cell (normal or transformed). The comparison of internalization and intracellular localization of the PAMAM G3 dendrimer and its biotin--PL bioconjugate BC-PAMAM in normal fibroblast (BJ) and cancer cells (SCC-15) as well as their cytotoxicity revealed significant differences in the investigated parameters.

In particular, our results do not confirm observations made by other authors, that biotin increases dendrimer entry to cancer cells, pointing out the importance of individual cell line evaluations. Of interest is also increased penetration of nuclei by native and conjugated dendrimers in cancer cells.

Thus, to determine the mechanisms of various dendrimer effects on target cells, careful estimations of numerous biological parameters and their spatial and temporal dynamics must be performed because the results cannot be generalized for different cell populations. Therefore, introducing common protocols for various assays, including in vivo and in vitro assays, is required to construct safe multifunctional carriers for therapy and imaging in living organisms.
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![Schematic presentation of the formulas of the conjugates.\
**Notes:** BC-PAMAM (a=10, b=9, c=0, d=0, e=13), FITC-BC-PAMAM (a=9, b=10, c=0, d=1, e=12), RR-PAMAM (a=0, b=0, c=1, d=0, e=31) and FITC-PAMAM (a=0, b=0, c=0, d=1, e=31). a -- biotin, b -- pyridoxal, c -- Rhodamine Red™-X, d -- fluorescein isothiocyanate (FITC).\
**Abbreviations:** BC-PAMAM, biotin--polyamidoamine; FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate.](ijn-10-5647Fig1){#f1-ijn-10-5647}

![Concentration-dependent effects of PAMAM or BC-PAMAM treatment (24 hours) on the survival of normal human fibroblasts (BJ) and squamous carcinoma cells (SCC-15) measured with CyQUANT^®^ NF dye.\
**Notes:** Results (median of triplicate assays from four independent experiments) are expressed as a % of the nontreated controls. The whiskers are lower (25%) and upper (75%) quartile ranges. \**P*\<0.05; Kruskal--Wallis test (against nontreated control), ^▼^*P*\<0.05; Mann--Whitney *U*-test (PAMAM against BC-PAMAM).\
**Abbreviation:** BC-PAMAM, biotin--polyamidoamine.](ijn-10-5647Fig2){#f2-ijn-10-5647}

![Confocal microscopy images of BJ and SCC-15 cell nuclei after 24 hours treatment with PAMAM or BC-PAMAM at concentrations from 2.5 µM to 50 µM or without dendrimers (control).\
**Notes:** After treatment, the cells were incubated 2 days or 5 days in medium (BJ or SCC-15, respectively) and stained with CyQUANT^®^ NF Cell Proliferation Assay Kit.\
**Abbreviations:** BC-PAMAM, biotin--polyamidoamine; PAMAM, polyamidoamine.](ijn-10-5647Fig3){#f3-ijn-10-5647}

![The total fluorescent intensity of the FITC-labeled PAMAM and BC-PAMAM in SCC-15 and BJ cells as a function of dendrimer concentration.\
**Notes:** Cells were incubated with FITC-labeled dendrimers at various concentrations for 24 hours. Results are presented as median of triplicate assays from four independent experiments and whiskers are lower (25%) and upper (75%) quartile ranges. ^▼^*P*\<0.05; Mann--Whitney *U*-test (PAMAM against BC-PAMAM).\
**Abbreviations:** FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate; BC-PAMAM, biotin--polyamidoamine.](ijn-10-5647Fig4){#f4-ijn-10-5647}

![Intracellular colocalization of RR-PAMAM (red) and FITC-BC-PAMAM (green) in BJ and SCC-15 cells after 24 hours incubation with dendrimers at various concentrations (1--50 µM).\
**Notes:** Colocalization is shown as a yellow signal. Cell imaging was performed on a Carl Zeiss Axio Observer Z1 LSM 710 inverted confocal microscope equipped with a 63× oil immersion objective.\
**Abbreviations:** RR-PAMAM, Rhodamine Red™-X-labeled PAMAM G3; FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate.](ijn-10-5647Fig5){#f5-ijn-10-5647}

![Localization of FITC-BC-PAMAM (green) (A--C) and FITC-PAMAM (green) (D--F) in BJ cells.\
**Notes:** Nuclei (blue) stained with DAPI. Images collected after 24 hours incubation at various concentrations of dendrimers.\
**Abbreviations:** FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate; DAPI, 4′,6-diamidino-2-phenylindole, dihydrochloride.](ijn-10-5647Fig6){#f6-ijn-10-5647}

![Localization of FITC-BC-PAMAM (green) (A--C) and FITC-PAMAM (green) (D--F) in SCC-15 cells.\
**Notes:** Nuclei (blue) stained with DAPI. Images collected after 24 hours incubation with various concentrations of dendrimers.\
**Abbreviations:** FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate; DAPI, 4′,6-diamidino-2-phenylindole, dihydrochloride.](ijn-10-5647Fig7){#f7-ijn-10-5647}

![Ratio of the fraction of nuclear area occupied by the dendrimers (FITC-PAMAM or FITC-BC-PAMAM) to the total nuclear area (%) in BJ and SCC-15 cells after 24 hours treatment with various concentrations of dendrimers.\
**Notes:** Results are the median of triplicates of four independent experiments, whiskers are lower (25%) and upper (75%) quartile ranges. ^▼^*P*\<0.05; Mann--Whitney *U*-test (PAMAM against BC-PAMAM).\
**Abbreviation:** FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate.](ijn-10-5647Fig8){#f8-ijn-10-5647}

![FITC-PAMAM or FITC-BC-PAMAM (green) colocalization with mitochondria (red) in (A) fibroblasts and (B) squamous cell carcinoma after 24 hours incubation with dendrimers (1--50 µM).\
**Notes:** Mitochondria (red) were stained with MitoTracker^®^ Deep Red FM and nuclei were stained with DAPI (blue). Colocalization is shown as a yellow signal. Cell imaging was performed on a Carl Zeiss Axio Observer Z1 LSM 710 inverted confocal microscope equipped with a 40× oil immersion objective.\
**Abbreviations:** FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate; DAPI, 4′,6-diamidino-2-phenylindole, dihydrochloride.](ijn-10-5647Fig9){#f9-ijn-10-5647}

![Mitochondrial localization of native FITC-PAMAM or FITC-BC-PAMAM expressed as Mander's coefficient M2 (fraction of mitochondrial signal overlapping dendrimers) in BJ and SCC-15 cells after 24 hours dendrimer treatment (1--50 µM).\
**Notes:** Results are the median of triplicates of four independent experiments, whiskers are lower (25%) and upper (75%) quartile ranges. ^▼^*P*\<0.05; Mann--Whitney *U*-test (PAMAM against BC-PAMAM).\
**Abbreviations:** FITC-PAMAM, fluorescein isothiocyanate--polyamidoamine; FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate.](ijn-10-5647Fig10){#f10-ijn-10-5647}

###### 

Pearson's coefficients and Mander's coefficients (M1, M2) for RR-PAMAM colocalization with FITC-BC-PAMAM

  Cell line   PAMAM and BC-PAMAM concentration (µM)   Pearson's coefficient   M1          M2
  ----------- --------------------------------------- ----------------------- ----------- -----------
  BJ          1                                       0.63±0.15               0.66±0.22   0.49±0.23
  2.5         0.65±0.04                               0.69±0.08               0.49±0.12   
  5           0.60±0.07                               0.79±0.04               0.41±0.05   
  10          0.63±0.04                               0.64±0.04               0.50±0.06   
  50          0.78±0.03                               0.73±0.04               0.66±0.05   
  SCC-15      1                                       0.87±0.04               0.73±0.06   0.69±0.07
  2.5         0.66±0.07                               0.70±0.18               0.49±0.12   
  5           0.65±0.05                               0.75±0.14               0.47±0.15   
  10          0.53±0.06                               0.59±0.20               0.30±0.23   
  50          0.77±0.09                               0.72±0.12               0.73±0.07   

**Note:** Results are the mean of triplicate measurements of four independent experiments ± the standard deviation.

**Abbreviations:** RR-PAMAM, Rhodamine Red™-X-labeled polyamidoamine G3; FITC-BC-PAMAM, fluorescein isothiocyanate-labeled biotin--polyamidoamine bioconjugate.
